INTRODUCTION
Observations from various bacterial species suggest that an ATP-dependent deoxyribonuclease plays a role in recombination. It has been shown that recB and recC recombinationdeficient mutants of Escherichia coli lack this activity (Buttin & Wright, 1968; Barbour & Clark, 1970) ; mutants of Diplococcus pneumoniae (Vovis & Buttin, 1970a, b) and Haemophilus influenzae (Greth & Chevallier, 1973; Wilcox & Smith, 1975) lacking an ATPdependent nucleolytic activity are transformation-deficient ; also a recombination-deficient strain of Bacillus subtilis showed reduced levels of a similar DNAase activity (Doly et al., 1974) .
An ATP-dependent DNAase has been characterized from Pseudomonas aeruginosa strain P A 0 (Miller & Clark, 1976) . This activity has an absolute dependence on the presence of ATP and double-stranded DNA. The activity is enhanced at Mg2+ concentrations of approximately 10 mM. The enzyme reduces double-stranded linear DNA to acid-soluble products consisting of short oligonucleotides of from one to six bases in length. The ATPdependent DNAase of P. aeruginosa does not attack denatured DNA either endonucleolytically or exonucleolytically and in this respect it is different from the ATP-dependent nuclease activity in E. coli (Oishi, 1969) and H. influenzae (Friedman & Smith, 1972) but is similar to enzymes from Micrococcus luteus (Van Dorp et al., 1974) , B. subtilis (Ohi & Sueoka, 1973) and D. pneumoniae (Vovis & Buttin, 1970a, b) .
Mutants deficient in ATP-dependent DNAase from various bacterial species also showed increased sensitivity to the chemical mutagen methyl methanesulphonate (MMS) (Mazza et al., 1975) . In addition, the ATP-dependent DNAase mutants of H. influenzae show increased sensitivity to mitomycin C and deoxycholate Small et a1 , 1976; Setlow, 1977) . We assayed for ATP-dependent DNAase activity among various MMS-sensitive mutants of P. aeruginosa which had been classified into eight phenotypic groups on the basis of their cross-sensitivity to u.v.-and ?-irradiation, treatment with N-methyl-N'-nitro-N-nitrosoguanidine (NG) and their ability to reactivate u.v.-and MMStreated bacteriophage E79 (Kung & Lee, 1973 Pemberton & Clark (1973) [GMA142; Mee & Lee, 19691 * his-I2 is the same as his-2 (Stanisich & Holloway, 1969) and his-52 (Mee & Lee, 1969) and is a member treated bacteriophage E79. The phenotypic characterization of this mutant and the genetic location of its marker are reported in this paper.
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METHODS
Bacteria.
The standard wild-type strain is Pseudomonas aeruginosa PAOl (ATCC 15692) (Holloway, 1955) . Strains used in this study are listed in Table 1 .
General culture procedures, MMS treatment, u.v.-irradiation and y-irradiation. These techniques have been described previously (Kung &Lee, 1973; Lehrbach eta/., 1976 Lehrbach eta/., ,1977 .
Chemicals. Methyl methanesulphonate (MMS) was obtained from Eastman Chemical Co. ; [2-3H]adenine from The Radiochemical Centre, Amersham; bovine serum albumin from Calbiochem; calf thymus DNA and ATP from Sigma.
Transduction analysis. Transductions were carried out as described by Mee & Lee (1967) except that phage GlOl was used.
FP2 conjugation analysis. Cultures of donor and recipient strains in the exponential growth phase were mixed in equal proportions. The mating mixture was incubated for 2 h without shaking in a sterile Petri plate at 37°C. Saline-washed samples of the mating mixture were then plated on selective agar medium. Streptomycin (200pg ml-l) was used as a counter-selecting agent. Control samples of the donor and recipient strains were also plated on selective plates. Plates were incubated at 37°C for 24 to 48 h before recombinants were selected for further analysis.
Determination ofpercentage viability. A Petroff-Hauser bacterial counting chamber was used to determine the total number of cells in 1 ml culture medium under dark-field microscopic observation at a magnification of 400. Viable cells were counted by diluting and plating on nutrient agar plates. These observations were made on exponential phase cultures sampled over 5 h. The ratio of the concentration of viable cells to the concentration of total cells was determined.
Preparation of cell-free extracts. Extracts were prepared by amodification of themethod originally described by Miller & Clark (1976) . Strains were grown in 500 ml M9 medium supplemented with glucose and Casamino acids (Barbour & Clark, 1970) until late-exponential phase. The cells were harvested by centrifugation, washed in 20 ml 0.85 % (w/v) saline and resuspended in 20 ml 10 % (w/v) sucrose solution prepared in ATP-DNAase dejicient mutant of P . aeruginosa 379 0.5 ~-Tris/HCl buffer (pH 7-5). This suspension was frozen in liquid nitrogen and thawed at room temperature. To 1 vol. of this solution 0.1 vol. lysozyme (2 mg ml-l) and 0.1 vol. 1 M-NaCl were added and the mixture was kept at 0°C for 90 min. Subsequent steps were carried out at temperatures not exceeding 4°C. Cell debris was removed by centrifugation for 20 min at 48000 g. A precipitate formed during dialysis was removed by centrifugation. The supernatant was used directly in nuclease assays or stored at -70°C.
DNA labelling procedure. Pseudomonas aeruginosa strain JC9006 was used to obtain [2-3H]adeninelabelled DNA. The method used was similar to that described by Pemberton & Clark (1973) except that the cells were lysed with 5 % (v/v) Triton Xl00 (Sigma) in 50 m-Tris/HCl containing 60 m -E D T A (pH 8).
The DNA was extracted with chloroform/phenol/isoamyl alcohol (50: 50: 1, by vol.) equilibrated with 20 mM-Tris/HCI containing 50 mM-EDTA (pH 7.5).
Nuclease assa.y with duplex DNA. Nuclease activity on duplex DNA was measured by release of trichloroacetic acid-soluble fragments from native DNA. The reaction mixture (0.81 ml) included Tris/HCl (10 m, pH 8.0), P-mercaptoethanol (10 mM), ATP (40 p~) , MgS04 (10 mM), [3H]DNA (0.12 ,ug ml-l, final concentration) and enzyme solution (700 pg protein). The assays were carried out for 30 min at 37°C. At intervals the reaction mixture was placed on ice and 0.4 ml calf thymus DNA solution (3.5 mg ml-l) was added followed by 0.5 ml cold 10 % trichloroacetic acid. After 20 min the samples were centrifuged for 10 min at 12000 g. Radioactivity in a 0-2 ml sample of the supernatant fluid was counted in a Searle, Isocap 300 scintillation counter. Control reactions were carried out in the absence of ATP and with heat-treated (90 "C for 15 min) cell extracts.
Scintillation fluid was used as described previously (Miller & Clark, 1976) . Protein was determined by the method of Lowry using bovine serum albumin as a standard. DNA concentrations were determined by the method of Allen (1940) .
R E S U L T S A N D DISCUSSION
Nuclease activity of various MMS-sensitive mutants
Since mutants deficient in ATP-dependent DNAase activity have been shown to be sensitive to MMS, we screened a range of MMS-sensitive mutants of P . aeruginosa for this activity. Members of the phenotypic groups 3,4,5,6,7,8, 11 and 12 (see Table l ), which are MMS-sensitive mutants previously defined on the basis of their cross-sensitivity to u.v.-and y-irradiation, treatment with NG and their ability to reactivate u.v.-and MMS-treated bacteriophage E79 (Kung & Lee, 1973) , and the recombination-deficient mutants PA02002 and PA02003, which are also MMS-sensitive (Chandler & Krishnapillai, 1974) , were tested and the activities in cell-free extracts of these strains were compared with that of wild-type PAO1. Little activity was detected in strain GMB143 compared with PAOl (Fig. I) , whereas all other strains tested showed activity similar to that of PAOl (results not shown). To rule out the presence of an inhibitor of ATP-dependent DNAase in GMB143, extracts of mutant and wild-type PAOl cells were mixed and assayed for nucleolytic activity. No significant inhibition of the wild-type extract by that of GMB143 was observed. All other strains in group 5 (Kung & Lee, 1973) tested showed wild-type levels of ATP-dependent nuclease activity, so it is considered that this group is genetically heterogeneous although all are sensitive to u.v., MMS and NG and show wild-type ability to reactivate u.v.-or MMS-treated bacteriophage E79. This is supported by the map locations of the various MMS-sensitive alleles of this group (Kung & Lee, 1975 ; P. R. Lehrbach, unpublished results) .
The MMS-sensitive mutant GMB143 found to be deficient in ATP-dependent DNAase activity was further tested for its response to u.v.-and y-irradiation and treatment with MMS. The effect of this mutant allele (mms-13) on recombination ability was tested following conjugation (FP2) and transduction (phage G101). The mutant allele (mrns-13) responsible for the properties observed was mapped, by conjugation and transduction techniques, in relation to previously located auxotrophic markers on the P . aeruginosa chromosome (Holloway et al., 1979) . 
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Radiation and chemical-mutagen sensitivity
Strain GMB143 was originally isolated as an MMS-sensitive mutant of strain PAOl which showed cross-sensitivity to both N G and u.v.-irradiation (Kung & Lee, 1973) . Survival curves of the parental strain PAOl and GMB143 after exposure to u.v.-irradiation, y-irradiation and MMS treatment are presented in Fig. 2 . Strain GMB143 showed increased sensitivity to u.v.-irradiation and MMS treatment as previously reported (Kung & Lee, 1973) . We have further found that GMB143 is slightly sensitive to y-irradiation. The ability of GMB143 to carry out host cell reactivation of u.v.-irradiated, y-irradiated and MMStreated phage E79 was similar to that of wild-type PAOl (Kung & Lee, 1973; and unpublished results) .
Genetic analysis
To locate the marker (mms-13) determining radiation sensitivity and ATP-dependent nuclease deficiency, the coinheritance of the mms-13 phenotype (detected by MMS-sensitivity) with various auxotrophic markers was measured (Table 2) . Strain GMB 143 carrying the sex factor FP2 was mated with PA0287 and hisf, arg+, ilv+ and met+ recombinants ATP-DNAase dejcient mutant of P. aeruginosa 38 1 were obtained on the appropriate selective media. Purified recombinants were then patched on to nutrient agar plates containing MMS at a range of concentrations (2, 4 and 8.5 mM) to determine the number of MMS-sensitive clones, indicative of the mms-13 allele. These results indicated that the locus determining radiation sensitivity and ATP-dependent nuclease deficiency (subsequently tested in several MMS-sensitive clones) is coinherited at a high frequency (74 %) with argBl. ArgBl is located at approximately 21 rnin on the P. aeruginosa chromosome (Haas et al., 1977) . The mms-13 mutation was mapped more precisely by phage GlOl transduction. A transducing lysate prepared on GMB 143 was used to transduce strains PA02001, PA0287 and PA0486 selecting for argH+, argB+ and pyrE+ transductants, respectively. The map location of argH is at 20 min (Haas et al., 1977) and that of pyrE is at 22 min (Holloway, 1978) . The results of these experiments (Table 3) show that the mms-13 mutant allele can be cotransduced by phage GlOl with argB (19 %) and pyrE (41 %) but is unlinked to argH.
The map order argB-pyrE-mms-13 was confirmed by three-factor crosses (Table 4) . Recombination ability To determine the recombination proficiency of a strain deficient in ATP-dependent DNAase, a multi-auxotrophic strain carrying the mutant allele mms-I3 was obtained after FP2 conjugation. This strain (GMC166) was used as a recipient in conjugation with the donor strain PA0170 (Kung & Lee, 1975) and the number of ilv+ and met+ recombinants was determined (Table 5 ). Both markers showed lower levels of recombination (ilv+ 23 % and met+ 30% of the wild-type levels as observed in strain PA0287). The number of recombinants following transduction by phage GlOl grown on wild-type PAOl was also lower in the presence of the mms-13 allele (ilv+ 9 % and met+ 20 % of the wild-type PA0287 level).
Since the frequency of transfer of resistance to mercuric ions, conferred by the sex factor FP2 (Loutit, 1970) , is similar for PA0287 and GMC166 (results not shown), it is unlikely that the decrease in recombination frequency in GMC166 is due to failure to form effective mating pairs. Furthermore, both GMC166 and PA0287 plate phage GlOl with equal efficiencies (results not shown) indicating that the observed reductions in transduction frequencies were not due to loss of phage adsorption. The possibility that the residual level of recombinants detected following FP2 conjugation with recipient GMC166 was due to the transfer of the mms-I3+ allele was tested. Of 100 ilv+ and 100 met+ recombinants purified and tested, 2 % were MMS-resistant. None of the ilv+ transductants tested were MMS-resistant. These results indicated that while transfer of the mms-I3+ marker was possible it was not responsible for the residual levels (20 % to 30 %) of recombinants observed in conjugation and transduction experiments. The presence of a low level of functional enzyme or a normal level of partially functional enzyme may explain the residual level of recombination. The presence of alternative pathways of recombination, as detected in E. coli (Clark, 1973) , was not investigated.
The need to account for the degree of viability in strains involved in recombination experiments in P . aeruginosa led to an investigation of the viability of strains GMC166 and the parental strain PA0287. The average ratio of viable cells to total cells for PA0287 was 75 % over the period sampled. In contrast, the ratio for GMC166 was 39 %. These results indicate that decreased cell viability (as measured by colony-forming ability) was associated with the mms-I3 (GMC166) mutant allele. This loss of viability may account in part for the recombination deficiency of the mutant following transduction and conjugation.
The phenotype of GMB143 shows a close similarity to the recombination-deficient recB and recC mutants of E. coli which have been found to lack an ATP-dependent nuclease (Barbour & Clark, 1970) and to the add mutants in H. injluenzae Small et al., 1976; Setlow, 1977) , so that in all three organisms a similar enzymic defect is correlated with similar pleiotropic effects. However, as in H. influenzae , the role of this enzyme in recombination is not clear because mutants lacking the enzyme still retain some recombination ability. The P . aeruginosa ATP-dependent nuclease
